Abstract. High-angle annular dark-field (HAADF) imaging in scanning transmission electron microscopy (STEM) is highly sensitive to both the atomic number and the Debye-Waller factor of the atom columns. We will discuss the experimental requirements for a quantitative understanding of STEM image contrast, in particular the determination of the precise specimen thickness. We show that near perfect agreement can be achieved between theory and experiment and demonstrate that quantitative STEM allows for column-by-column counting of all the atoms in an arbitrarily shaped specimen.
Introduction
High-angle annular dark-field (HAADF) images acquired in scanning transmission electron microscopy (STEM) possess excellent atomic number (Z) sensitivity and have been widely applied to solve materials science problems such as determining interface atomic structures or the location and identity of individual atoms and clusters [1] . It has also been shown that image simulations are required to interpret HAADF image intensities quantitatively in terms of the elements present in the atom columns of a specimen [2] . With methods developed in the recent literature [3, 4] , experimental image intensities can be placed on the same absolute intensity scale as simulations, allowing for direct comparisons and interpretation of STEM images. It has been shown that experimental and simulated image intensities agree quantitatively, in both bright-field and HAADF STEM modes, provided that multiple thermal scattering and the effects of spatial incoherence are taken into account in the simulations [3, 5] . Other inelastic scattering processes do not play a significant role in contrast formation for samples that are sufficiently thin [5] . An experimental challenge in quantitative STEM and for comparisons between experiment and theory is to accurately determine the TEM foil thickness. Two-beam convergent beam electron diffraction (CBED) is not compatible with atomic resolution STEM, because it requires specimen thicknesses that are too large, tilting the sample away from the zone axis conditions used for imaging and a small convergence semi-angle. The electron energy-loss spectroscopy (EELS) log-ratio approach requires knowledge of the total inelastic mean free path. In thin samples surface plasmons, amorphous or contamination layers reduce the accuracy and precision of this approach. A new STEM-based approach, position averaged CBED (PACBED) [6] , is compatible with the thin specimens used in high-resolution STEM imaging. It is sufficiently sensitive to small thickness changes and does not require changes in the optical conditions and sample orientation away from those used for imaging or determination of additional specimen parameters. This approach is described in section 2. Taking the measurement of locale specimen thickness to its ultimate limit, we show in section 3 that truly quantitative atomic resolution HAADF-STEM can provide highly accurate, column-by-column counts of atoms without the need for a calibration standard or any a-priori knowledge of sample shape or thickness.
Position averaged convergent beam electron diffraction (PACBED)
Position averaged convergent beam electron diffraction (PACBED) can reliably measure sample thicknesses to better than 10%, specimen tilts to better than 1 mrad and sample polarity [7] for the same electron optical conditions and sample thicknesses as used in atomic resolution scanning transmission electron microscopy imaging. Illuminating a zone-axis sample with a highly convergent electron probe, as used for STEM imaging, results in a CBED pattern containing overlapping orders of diffracted disks. These overlapping disks generate a complicated interference pattern that is highly dependent on the position of the finely focused (< 0.2 nm) electron probe within the unit cell [8] . Figure 1 shows, as an example, simulations of such patterns for an Ångstrom-size probe focused on different atom columns in a SrTiO 3 unit cell. A PACBED pattern is formed through incoherent averaging of CBED patterns over many probe positions. The fine detail resulting from coherent interference is then lost, but better count rates and a reduced sensitivity to instability are obtained. The experimental PACBED pattern is highly sensitive to the sample structure, thickness and tilt, which can be quantitatively extracted through comparison with simulated PACBED patterns. The theory for simulating CBED patterns is well established and software packages are available [9] . An analytical depiction of PACBED has also been developed [6] . It has been shown that the PACBED pattern is independent of coherent aberrations of the probeforming lens and of spatial incoherence [6] . Comparisons between PACBED experiments and simulations allow for determination of the local sample thickness, in regions as small as a few unit cells. Figure 2 shows a comparison between experimental and simulated PACBED patterns of a SrTiO 3 crystal. The thickness of the SrTiO 3 specimen can be determined with better than ± 1 nm precision. 
Application of quantitative STEM: The electron microscope as an atom scale
Truly quantitative atomic resolution HAADF-STEM, i.e., the direct comparison between theory and experiment, can be used to take the determination of the specimen thickness to its ultimate limit: highly accurate, column-by-column counts of atoms without the need for a calibration standard or any a-priori knowledge of sample shape or thickness. The sample investigated in this example was a Au film evaporated onto a NaCl crystal [11] . To count the number of atoms in each column, an image analysis approach was developed to accurately determine the column location and corresponding column intensity [11] . This approach is schematically illustrated in Fig. 3 . The maximum intensity at each column was extracted at the atom column centroid positions, determined as described in Fig. 3 . Figure 3 . Overview of the image analysis workflow to determine the positions of gold atom columns and extract the image intensities [11] . FPh = frozen phonon.
The signal of the simulated atom column was extracted by averaging about the same circular region as the experimental data. Comparison between experimental and simulated atom column intensities was then used to determine the number of atoms in each column via linear interpolation and rounding to the nearest integer value (i.e. there are no fractional atoms). Figure 4 shows an experimental image of a wedge-shaped Au foil with a (111) surface observed along <110>. The labels indicate the number of Au atoms in each column. In the thicker region of the sample, the number of atoms in adjacent planes increases smoothly with thickness, generally by one atom.
[11] Figure 5 shows a histogram containing all the atom columns in Fig. 4 , binned according the number of atoms they contain. The histogram shows that the atom columns in each bin are all self-similar, indicating precise counting. Visual inspection immediately shows that the precision is ± 1 atom. For example, the atom column intensities in the bin of columns containing 24 atoms are very distinct from those of bins 22 or 26. 
Summary
By placing STEM images on an absolute intensity scale, truly quantitative, direct comparisons between simulation and experiment are possible. A STEM diffraction technique, position averaged convergent beam electron diffraction, provides an independent measure of the local specimen thickness more accurately and precisely than other methods, and is essential for comparisons between simulation and theory. Applications of truly quantitative atomic resolution HAADF imaging include highly accurate, column-by-column counts of atoms in a three-dimensional volume of a sample without the need for a calibration standard. Future applications of the technique include obtaining accurate local concentrations of dopants and impurity atoms at defects, the shape and composition of nanostructures, reconstructions at interfaces and dislocation cores.
